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Abstract Objective: Infection is the most frequent cause of acute respiratory distress syndrome (ARDS). However, little is known about the influence of infection sites on ARDS. This study aimed to assess the associations of infection sites with ARDS development and mortality in critically ill infected patients. Design: Prospective observational study. Setting: Adult intensive care units (ICUs) of an academic medical center. Patients: Study population included 1,973 consecutive patients admitted to ICUs with bacteremia, pneumonia or sepsis. During followup, 549 patients developed ARDS and 212 of them died within 60 days. Main results: The distribution of infection sites in ARDS patients was: lung (77.2%), abdomen (19.3%), skin/soft tissues (6.0%), urinary tract (4.7%), unknown (2.6%), and multiple sites (17.7%). On multivariate analysis, lung was the only infection site associated with increased ARDS risk [adjusted odds ratio (OR) 3.49]. Urinary tract (adjusted OR 0.43), skin/soft tissue (adjusted OR 0.64), and unknown-site infections (adjusted OR 0.38) were associated with decreased risk. No association was found between individual infection site and ARDS mortality. However, unknown-site [adjusted hazard ratio (HR) 3 .08] and multiple-site infections (adjusted HR 1.63) were associated with increased ARDS mortality. When grouping patients into pulmonary, nonpulmonary, and combined infections, nonpulmonary infection was associated with decreased ARDS risk (adjusted OR 0.28) and combined infections was associated with increased ARDS mortality (adjusted HR 1.69), compared with pulmonary infection. Conclusions: In critically ill infected patients, pulmonary infection is associated with higher risk of ARDS development than are infections at other sites. Pulmonary versus nonpulmonary infection significantly affects ARDS development but not mortality.
Introduction
Acute respiratory distress syndrome (ARDS) and its milder form acute lung injury (ALI) are common and devastating diseases occurring after certain pulmonary (direct) or nonpulmonary (indirect) insults [1] . Clinically, it is characterized by acute respiratory failure with bilateral pulmonary edema and severe hypoxemia. To date, ARDS remains an important burden in intensive care units (ICU), with mortality rate as high as 35-45% [2, 3] .
Infection is the most frequent cause of human ARDS [4] . In animal studies of acute lung injury, infectionrelated models using lipopolysaccharide (19%) or live bacteremia (16%) are among the most commonly used models [5] . Many invading organisms can trigger host innate and acquired immune systems, and initiate the inflammatory cascade. Diffuse damage to the alveolar epithelium and capillary endothelium may occur in response to intense local (pulmonary) or systemic inflammation, leading to increased permeability and influx of protein-rich edema into the interstitial and air space. There are three major infection-related predisposing conditions for ARDS: pneumonia, sepsis, and bacteremia. Pneumonia is the major cause of direct lung injury, and sepsis is the major cause of indirect lung injury, while bacteremia, in the absence of pneumonia or sepsis, carries the lowest risk (\5%) [1, 6] .
Although a prior study has shown that pulmonary versus nonpulmonary source of sepsis is not independently associated with mortality of ALI [7] , less is known about its association with ARDS risk. The influences of specific infection sites on ARDS development and mortality are also unclear. This information could help clinicians to identify high-risk patients and may lead to more appropriate preventive or therapeutic interventions.
In this study, we describe the distribution of infection sites in a large population of critically ill infected patients, of whom 549 developed ARDS. We analyzed the associations of specific infection sites with the development and mortality of ARDS, using multivariate models. Since pulmonary (direct) and nonpulmonary (indirect) ARDS are different in pathophysiology [8] , we also compared the associations of pulmonary and nonpulmonary infections with ARDS.
Patients and methods

Study design and study population
Study patients were recruited at Massachusetts General Hospital (Boston, MA, USA) from September 1999 to December 2008. Details of the study design have been described in our previous report [9] . Briefly, consecutive admissions to the ICUs were screened. Patients with predisposing conditions for ARDS including bacteremia, sepsis, pneumonia, trauma, aspiration, or multiple transfusions were eligible for inclusion. Exclusion criteria included age \18 years, diffuse alveolar hemorrhage, chronic lung diseases other than chronic obstructive pulmonary disease or asthma, directive to withhold intubation, immunosuppression, and treatment with granulocyte colony-stimulating factor (see Electronic Supplementary Material, ESM1, for details of the inclusion and exclusion criteria). Eligible patients were enrolled on ICU admission and followed daily for ARDS development, defined by the American-European Consensus Committee (AECC) criteria for ARDS [10] , until death, ICU discharge, or 28 days after ICU admission. All ARDS patients were followed until death or 60 days after ARDS diagnosis. Patients with previous enrollment and patients admitted to ICUs without bacteremia, sepsis or pneumonia were excluded from analyses. The study was approved by the Human Subjects Committees of Massachusetts General Hospital and Harvard School of Public Health. Written informed consent was obtained from all subjects or surrogates.
Definitions and data collection
The definitions of bacteremia, sepsis, septic shock, pneumonia, trauma, multiple transfusions, and aspiration are shown in ESM1. Bacteremia, sepsis, and pneumonia were considered as the infection-related predisposing conditions, whereas trauma, multiple transfusions, and aspiration were considered as the non-infection-related predisposing conditions. The infections and infection sites in this study referred to those events leading to ICU admission and not infections acquired during ICU stay. Infection sites were determined based upon the clinical judgments of the treating physicians, imaging studies, and/or microbiologic tests collected within 48 h before or after ICU admission. These data were all recorded prospectively. Infections of upper and lower urinary tracts were grouped as urinary tract infection; infections of bone, joint, skin, soft tissue, and wound as skin/soft tissue infection; and infections of upper respiratory tract, line or device, endocarditis, meningitis, encephalitis, and others as other-site infection. Bacteremia with unknown source was considered as unknown infection site. When there were two or more infection sites identified, the patient was considered to have multiple infection sites.
Demographics and baseline clinical data were recorded on enrollment into the study. Vital signs and laboratory values in the first 24 h of ICU admission were collected, and Acute Physiology and Chronic Health Evaluation (APACHE) III scores were calculated accordingly. Data regarding treatments with vasopressors and activated protein C (APC), and ventilatory parameters were also collected. Body mass index (BMI, kg/m 2 ) was calculated based on admission height and weight. Lung injury score was calculated based on chest X-ray, PaO 2 /FiO 2 ratio, and positive end-expiratory pressure (PEEP) on ARDS day 1 [11] . To consider the possible effects of pre-ICU hospital stay on infection and ARDS, we created a variable indicating pre-ICU hospital stay C48 h or not. Patients transferred from other hospitals were considered to have pre-ICU hospital stay C48 h. We used development of ARDS as the primary outcome and all-cause 60-day mortality in ARDS as the secondary outcome.
Statistical analysis
All data were analyzed by using Statistical Analysis System (SAS) software package (version 9.1; SAS Institute, Cary, NC, USA). Categorical variables were compared by using chi-square test or Fisher's exact test as appropriate. All continuous variables in this study were not normally distributed and thus were compared by nonparametric Wilcoxon rank-sum test. In multivariate models, we replaced missing values of BMI (12.1%) by overall median value. Other variables had missing values in \1%.
We used conditional logistic regression, stratified by calendar year, to analyze the associations of infection sites with ARDS development. Covariates in the multivariate models included age, gender, ethnicity, APACHE III score, ARDS risk factors (bacteremia, septic shock, and non-infection-related predisposing conditions), and clinical factors associated with ARDS development, with P \ 0.20, in univariate analyses (BMI, diabetes, liver cirrhosis, history of alcohol abuse, and pre-ICU stay C48 h). For the final logistic regression model, we calculated the condition index (\21.7) and variance inflation factors (\1.5) to detect multicollinearity.
We used Cox proportional hazards regression, stratified by calendar year, to analyze the influence of infection sites on ARDS mortality. Covariates in the multivariate models included age, gender, ethnicity, APACHE III score, and clinical factors associated with ARDS mortality, with P \ 0.20, in univariate analyses (BMI, bacteremia, liver cirrhosis, metastatic/hematological malignancies, pre-ICU stay C48 h, treatment with APC, PEEP level, and vasopressors used on ARDS day 1). For the final Cox regression model, we used Kolmogorovtype supremum tests to check the proportional hazards assumption (all P [ 0.87). False discovery rate (FDR) adjustment was used to correct for multiple comparisons. The level of statistical significance was set at P B 0.05 (two-sided).
Results
Patient enrollment and follow-up
The enrollment and follow-up of study patients are illustrated in Fig. 1 . During the study period, 3,668 patients were admitted to ICUs with required predisposing conditions for ARDS. Among those, 1,228 patients without consent were not enrolled. We excluded 97 patients previously enrolled and 370 patients without sepsis, pneumonia or bacteremia, leaving a total of 1,973 patients for analysis. Five hundred forty-nine (27.8%) patients developed ARDS, and 212 (38.6%) of them died in 60 days.
Characteristics of study patients
Demographic and baseline characteristics of study population are shown in Table 1 . Patients with ARDS were younger, and had higher APACHE III scores and BMI. Septic shock, pneumonia, and non-infection-related predisposing conditions were more commonly seen in ARDS patients than in non-ARDS patients. ARDS patients had a lower proportion of diabetes and a higher proportion of liver cirrhosis/failure than non-ARDS patients. History of alcohol abuse, and pre-ICU hospital stay C48 h were also more common in ARDS patients than in non-ARDS patients.
Clinical characteristics between ARDS survivors and nonsurvivors are shown in ESM2. Nonsurvivors were older, had higher APACHE III scores, lower BMI, and higher proportions of bacteremia and liver cirrhosis/failure, and were more likely to have pre-ICU hospital stay C48 h than survivors. More nonsurvivors had vasopressors used within 24 h after ARDS diagnosis, and more survivors received treatment with APC. There were no significant differences between survivors and nonsurvivors in lung injury score, pH value, PaO 2 /FiO 2 ratio, PaCO 2 , PEEP, and tidal volume upon diagnosis of ARDS.
Associations of specific infection sites with ARDS development and mortality
The distributions of infection sites between ARDS and non-ARDS patients are shown in Table 2 . In ARDS patients, lung was the most common infection site Table 3 . Cox regression analyses revealed no specific infection site significantly associated with 60-day mortality in patients with ARDS. However, unknown-site infection [adjusted hazard ratio (HR) 3.08, 95% CI 1.37-6.90] and multiplesite infection (adjusted HR 1.63, 95% CI 1.13-2.35) were associated with increased mortality.
Associations of pulmonary versus nonpulmonary infection with ARDS development and mortality
Of the 1,973 study patients, 915 (46.4%) had pulmonary infection, 823 (41.7%) had nonpulmonary infection, and 235 (11.9%) had both pulmonary and nonpulmonary infections, with ARDS incidences of 36.4%, 15.2%, and 38.7%, respectively (Table 4 ). Multivariate analysis revealed that nonpulmonary infection was significantly associated with decreased risk of developing ARDS in patients admitted with infection (adjusted OR 0.28, 95% CI 0.22-0.37), compared with pulmonary infection.
Of the 549 ARDS patients, 333 (60.6%) had pulmonary infection, 125 (22.8%) had nonpulmonary infection, and 91 (16.6%) had both pulmonary and nonpulmonary infections, with 60-day mortality rates of 36.9%, 38.4%, and 45.1%, respectively (Table 5 ). Multivariate analysis revealed that combined pulmonary and nonpulmonary infections was significantly associated with increased risk of death in patients with infection-related ARDS (adjusted 
Discussion
Although most ARDS cases are caused by infection, no study has comprehensively examined the influence of infection sites on ARDS. In this large prospective study, we were able to address the associations of infection sites with ARDS development and mortality in a population of nearly 2,000 critically ill infected patients. Our data showed that lung was the most common infection site in infection-related ARDS, and also the only infection site significantly associated with increased risk of developing ARDS. In contrast, nonpulmonary infection was associated with decreased ARDS risk. Although pulmonary versus nonpulmonary infection had a significant impact on ARDS development, it was not associated with ARDS mortality. However, ARDS patients with combined pulmonary and nonpulmonary sources of infections did have higher mortality. We also found that unknown-site infection was associated with decreased ARDS risk and increased ARDS mortality, while multiple-site infection was associated with both increased ARDS risk and mortality.
The distribution of infection sites in our entire study population was consistent with a previous report in critically ill infected patients [12] . However, there were significant differences in infection sites between ARDS and non-ARDS patients. ARDS patients had more pulmonary infections and less nonpulmonary infections than non-ARDS patients. We found that 77.2% of ARDS patients had pneumonia, with 21.5% of them also having nonpulmonary infection. The percentage of pneumonia in ALI/ARDS patients found in this study is higher than the percentages (around 50%) reported in other studies [3, 7, [13] [14] [15] [16] [17] [18] . Indeed, these results may not be directly comparable because of different definitions of study population. We excluded patients with non-infection-related ARDS from analyses, which made the percentage of pneumonia higher in our study.
Moreover, we used the criteria for ARDS, not the milder form ALI. Since ALI patients with pulmonary sepsis have higher lung injury scores than those with nonpulmonary sepsis [7] , it is possible that the percentage of pneumonia is higher in patients with ARDS than in patients with ALI.
It is not surprising that pulmonary infection is associated with a higher risk of developing ARDS than nonpulmonary infection. The lung, with the largest epithelial surface area of the body, is repeatedly exposed to airborne particles and microorganisms. The highly integrated pulmonary defense system is capable of initiating rapid and intense immune responses to invading microbes, resulting in profound local and systemic inflammation [19, 20] . Pneumonia is the major cause of direct lung injury. Pneumonia is also the most common infection leading to sepsis, which is the major cause of indirect lung injury. The pathophysiology differs between direct and indirect lung injuries. The primary structure injured after a direct insult is the alveolar epithelium, while the first target of damage after an indirect insult is the pulmonary vascular endothelium [8] . When patients with pneumonia also develop sepsis, which was the case in 94% of our pneumonia patients, direct and indirect mechanisms may be triggered together, thus predisposing patients to a higher risk of developing ARDS.
Our result that pulmonary versus nonpulmonary infection was not associated with ARDS mortality confirmed the finding of a recent study [7] . Sevransky and colleagues analyzed 288 patients with sepsis-induced ALI and found lower severity of illness in ALI patients with pulmonary sepsis and no independent association between pulmonary source of sepsis and ALI mortality after multivariate analysis. Our study has advantages over the previous work. We had a larger sample size and thus greater statistical power to detect differences in hypothesized associations. In addition, 235 of our study patients had combined pulmonary and nonpulmonary infections. We categorized these patients into a third group, making the pulmonary and nonpulmonary groups more homogenous during comparison.
In patients with severe sepsis, multiple-site infection is associated with higher mortality [21, 22] and higher workload and cost [23] . Its influence on ARDS, however, remains unknown. Our study showed that multiple-site infection was associated with increased ARDS risk. Further analysis suggested that the association may be driven by pneumonia. Pneumonia was found in 86.4% of patients with multiple-site infection, but in only 53.8% of those with single-site infection (P \ 0.001). This was further supported by the finding that combined pulmonary and nonpulmonary infection was not associated with increased ARDS risk when compared with pulmonary infection. We also found that multiple-site infection was associated with increased ARDS mortality, which was independent of pneumonia. Compared with pulmonary infection, combined pulmonary and nonpulmonary infection was also associated with increased ARDS mortality.
In this study, unknown-site infection was associated with decreased risk of ARDS development and increased risk of ARDS mortality. Our further analysis of patients with unknown infection site showed that 59/101 patients had bacteremia alone and the rest had sepsis of unknown etiology. Patients with bacteremia alone have been reported to have lower risk of ARDS compared with those with pneumonia and systemic infection [6] . Some patients with sepsis of unknown etiology, although fulfilling systemic inflammatory response syndrome (SIRS) criteria and having clinical suspicion of being infected, might not have had an infection and thus carried a lower risk of developing ARDS. Similar to our finding, an earlier study in ARDS patients also found worse mortality in bacteremic patients with unknown infection site [24] . Autopsy results of patients with unknown infection site showed that patients with bacteremia had infections requiring surgical drainage, and septic patients without bacteremia had pneumonia. Reasons are unclear, but unknown infection site has been shown to be independently associated with inappropriate empiric antibiotic treatment and fatal outcome [12, [25] [26] [27] [28] . Given the relatively small sample size and the discrepancy between unadjusted and adjusted analyses in our study, the association between unknown-site infection and ARDS mortality needs to be confirmed in other studies.
This study has a major strength in that it was conducted within a large, well-defined, multiple-ICU population. We included ARDS cases and at-risk non-ARDS controls, and thus were able to assess the associations of infection sites with both ARDS risk and mortality. The large sample size provided adequate statistical power to evaluate the effects of individual nonpulmonary infections, unknown-site infection, and multiple-site infection on ARDS. In addition, these prospectively collected data were analyzed in multivariate models, adjusting for possible confounders. We also considered the advances in critical care over time, and performed all multivariate analyses with stratification by calendar year. Nevertheless, we acknowledge several limitations of our study. First, we did not collect data regarding antibiotic appropriateness, time to antibiotics, delay to recognize and treat severe sepsis, and time to meeting resuscitation goals, which might influence ARDS risk and outcomes in patients with sepsis [13] . Second, deaths in the early stages of critical illness may have occurred before ARDS could be recognized. However, analysis of our data indicated that this is a limited problem, as only 23 (1.2%) patients died within 72 h without having developed ARDS (see ESM3 for detailed discussion). Third, misclassification of infection sites is possible because of the complex nature and somewhat imprecise definitions of infections. Fourth, we did not take into account the specific role of individual pathogens in the development and mortality of ARDS, which remains unclear and needs further studies to elucidate [29] . Fifth, our study design limited the ability to assess causality of the associations found. Finally, this study was conducted in an ICU setting; any generalization to the general population should be made with caution.
Conclusions
This study demonstrates that lung is the most common infection site in patients with infection-related ARDS, and also the only infection site significantly associated with increased risk of developing ARDS in critically ill infected patients. In contrast, nonpulmonary infections are associated with decreased risk. Pulmonary versus nonpulmonary infection significantly affects ARDS risk but not mortality. Unknown-site and multiple-site infections are associated with increased ARDS mortality. These data provide important information relevant to the prevention and management of infected patients at risk for ARDS.
